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Introduction
Nitration of tyrosine residues is associated to more than 60
human disorders.[1–3] Diverse agents can induce such a post-
translational protein modification that often leads to
changes of the catalytic activity of the enzyme, its turnover
or its localization.[1,2,4, 5] In many cases, tyrosine nitration in-
terferes with the phosphorylation of the residue, thereby be-
coming a regulation switch.[5,6] In a cell, the accumulation of
nitrated proteins results from increased generation of reac-
tive nitrogen/oxygen species (RNOS), which causes impair-
ment in either the proteasome[7] or the denitration system.[3]
The reactivity of tyrosine residues towards nitrating
agents, such as peroxynitrite, depends on several factors.[8,9]
For instance, it is unrelated to any protein sequence pattern,
but charged residues next to the target affect its reactivity.
In addition, the selectivity of a nitrating substance depends
on its chemical nature. The target amino acid must be acces-
sible to the reagent. In fact, most nitrated tyrosine residues
locate in loop regions, and the presence of turn-inducing res-
idues near a tyrosine favours its modification. Finally, there
is a competition between alternative targets nearby, includ-
ing sulfhydryl groups from cysteine residues.
As pointed out by Ischiropoulos,[4] the in vivo relevance
of Tyr modification was controversial until peroxynitrite was
shown to be a physiological nitration agent. Peroxynitrite
(ONOO) originates under nitro-oxidative stress, being the
mitochondria one of its major sources within the cell. Nota-
bly, its tyrosine-nitrating activity is optimum at neutral pH.[9]
Thus, recent reports on the effects of protein nitration rely
on the treatment of isolated proteins with this chemical.[10–16]
In general, phenol rings are preferentially nitrated at
ortho positions (e carbons in Tyr residues) relative to the hy-
droxyl group. Still, nitration could also take place at meta
carbons, although the yield in this case is lower. In fact,
under acidic conditions, the nitration of cresol, an analogous
to tyrosine, occurs in both, ortho- and meta positions in a
3:1 ratio.[17] However, tyrosine nitration seems to occur ex-
clusively at the ortho position, both in vitro and in vivo,
upon treatment with tetranitromethane.[18] In that report,
the configuration of the nitrotyrosine side chain was tested
by gas chromatography coupled to mass spectrometry. Re-
cently, a new methodology for nitrotyrosine detection and
quantification has been developed.[19–21] Nevertheless, the
analysis of tyrosine nitration by mass spectrometry remains
challenging nowadays for many proteins.[20]
Given the heterogeneity of the environment around the
distinct tyrosine residues within a protein, the nitration effi-
ciencies at e- and d positions could vary from one residue to
another. To study the effect of Tyr nitration of proteins in
vitro, a large excess of this chemical is usually added to pro-
tein samples. These facts could originate heterogeneity of
the nitrated sample, thereby biasing the analysis. In addition,
haem-containing proteins are able to reducing the nitro
group to amine.[22]
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Hence, we report herein a suitable, non-destructive
method to determine and assign the nitration site configura-
tion based on NMR spectroscopy. This approach consists of
using both 1H-15N and 1H-13C heteronuclear experiments. In
a first step, the 3J ACHTUNGTRENNUNG(NH) scalar coupling between the nitro
group and the nearby aromatic hydrogen is detected as a
correlation in a 1H-15N HSQC, instead of the conventional
1J ACHTUNGTRENNUNG(NH). This requires an increase in the delays in the
INEPT[23] module of the pulse sequence to allow the mag-
netization transfer through this weaker coupling. In a
second step, the nitration configuration of the ring is deter-
mined by analyzing the 1H- and 13C chemical shifts from ar-
omatic proton–carbon correlations in the 1H-13C HSQC
spectra, capitalizing on the lower sensitivity of the 13C chem-
ical shifts (d) to changes within the molecular environment.
As a case study, we analyzed the different products result-
ing from nitration of the distinct tyrosine residues of human
cytochrome c (Cc) by peroxynitrite. Nitration of this protein
affects its stability and the chemical properties of its haem
moiety.[13,16] In addition, such
modifications bias the binding
of Cc to Apaf-1,[16] thereby im-
pairing the activation of the
caspase cascade.[24] These ef-
fects strongly depend on the lo-
cation of the nitrated residue.
For instance, we have recently
shown that nitration at the posi-
tions 46 and 48 lead to specific
in vivo degradation.[25] We show
that most tyrosines are un-
equivocally nitrated at the e po-
sition. Still, we failed for Tyr67,
whose signals are broadened
beyond detection, probably be-
cause of its proximity to the
haem group. Notably, nitration
affects the dynamics of the
target residue in a different
manner, depending on its loca-
tion within the structure.
Results
As pointed out before, the aim
of this work is to provide an
NMR-based approach to test
the effects of treating tyrosine
residues with peroxynitrite, by
using h-Cc as a model. This
protein contains five tyrosine
residues (see Figure S1 in Sup-
porting Information) located at
positions 46, 48, 67, 74 and 97
of the peptide sequence. To get
nitration of any specific tyro-
sine residue, we used single-tyrosine mutants, in which all ty-
rosines but the targeted one were replaced by Phe, as in pre-
vious reports.[11, 16,25] The tags of these mutants are h-Y46, h-
Y48, h-Y67, h-Y74 and h-Y97. Their nitrated forms are
named by adding the “N” subscript tag; for example, h-Y48N.
To prove whether a given tyrosine residue is nitrated at
its d- or e position, the information interpreted from the het-
eronuclear 1H-15N and 1H-13C experiments was combined.
Thus, we acquired a 1H-15N HSQC (Figure 1, left panels) to
determine the frequency of the proton next to the nitration
point, as revealed by the corresponding 3J ACHTUNGTRENNUNG(HN) correlation
cross-peak. Also, we took advantage of the 13C chemical
shift differences among Cd and Ce in the aromatic rings of
Tyr, with the Ce resonating at higher field than the Cd. Thus,
we acquired 1H-13C HSQC spectra for both non-nitrated and
nitrated samples and compared them to identify the proton–
carbon aromatic correlations corresponding to Tyr and Tyr-
NO2, respectively (Figure 1, right panels). In the spectra of
the non-nitrated sample, the chemical shifts of the carbon
Figure 1. Determination of the nitration position in Tyr97 and Tyr74 of Cc: The 1H-15N-HSQC spectra of the
nitrated species Y97N (A) and Y74N (B) are shown on the left. Below in panel A, the correlation observed in
the 1H-15N HSQC spectra is marked by a double arrow in a molecular model. The model also shows expected
chemical shift changes of carbon and upon a nitration in the ortho position, according to Hansen.[34] Right: the
1H-13C HSQC spectra of untreated samples (in grey, Y97 in A, Y74 in B) are overlaid with those (yellow) of
their respective nitrated forms. Arrows indicate the perturbation of the signal of the remaining protons of the
aromatic ring upon nitration.
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atoms at positions d and e of the single-Tyr residue lay at
different regions in the spectrum. Moreover, their frequen-
cies are much less influenced by changes in the molecular
environment than proton frequencies. Furthermore, there is
no overlap between the H-Ce correlation resonances and the
signals corresponding from phenylalanine residues. Upon ni-
tration, the signal of the replaced proton disappears and
those of the rest of protons of the aromatic ring undergo a
substantial shift. This allowed us to assign the signals from
the tyrosine residue unequivocally. We can then identify the
nitration site because we know the frequency of the closest
proton, and to what extent the carbon frequencies shift, as
illustrated in Figure 1. In fact, for small organic molecules,
the carbon at the ortho position regarding the nitrated one
shifts d=4.9 ppm upfield, and those at meta- and para posi-
tions shift d=0.9 and 6.1 ppm downfield, respectively.[34]
Figure 1A shows the effect of nitration on the spectra of
the reduced h-Y97 mutant. Upon nitration, a 15N-1H correla-
tion (Ne2-Hd2) appears in the HSQC at d=372 ppm in the
15N dimension, and three signals are shifted in the 1H-13C
HSQC with respect to the spectrum of the untreated
sample. One of them shows the proton frequency (d=
7.94 ppm) already observed in the 1H-15N HSQC, being as-
signed to the proton next to the nitration point. We expect
an upfield shift in the carbon frequency at this position and
the shifted signal lies around d=10 ppm downfield of the
peaks corresponding to the remaining epsilon carbons. In
addition, a Ce1-He1 correlation is displaced downfield approx-
imately d=1 ppm compared with its equivalent in the un-
treated sample. Hence, we can assign unequivocally the
signal at d=7.94 ppm to one of the d hydrogens (Cd2-Hd2
correlation) instead of a Ce-He correlation. Moreover, no
signal below d=123 ppm in the 13C dimension shifts upfield,
thereby indicating that nitration of Y97 is restricted to its e
carbons. Finally, a Cd1-Hd1 correlation shows the expected
d=6 ppm downfield shift for a carbon at the para position.
Further assignment of aromatic nuclei was achieved by com-
paring the spectra of h-WT and its single-tyrosine mutants.
Upon Tyr97 nitration, the cross peak corresponding to the
Hh2 of Trp59 (
1H signal at d=5.6 ppm) shows significant
chemical shift variations.
The nitration of the reduced h-Y74 mutant yielded a simi-
lar pattern (Figure 1B). Three signals in the 1H-13C-HSQC
undergo shifts larger than d=1.0 ppm, besides several peaks
showing small perturbations. Again, our results indicate that
Tyr74 is nitrated at a e carbon by peroxynitrite. However,
the splitting of the Hd2 signal in the two NMR spectra indi-
cates that the nitrated tyrosine residue undergoes a slow
chemical-exchange regime in the millisecond timescale. In
addition, a signal with dH=5.7 ppm and dC=121.1 ppm in
the spectra of the untreated sample splits upon nitration.
The 13C frequency can be assigned to either C5 or C6 of an
indole ring. That is, to either Cz3 or Ch2 of Trp59. This agrees
with the assignment of the 1H signal at d=5.7 ppm to Hh2 of
Trp59.[35] Hence, the conformation exchange affects the ori-
entation of Tyr74 with respect to the nearby indole ring of
Trp59. Moreover, the 1H-13C-HSQC shows many new signals
at the region of aromatic Cd-Hd. This may be attributed to
the conformational exchange of Tyr74 affecting to Tyr67. In
fact, Tyr67 contacts both Tyr74 and Trp59 (see Figure S2 in
the Supporting Information). Interestingly, another cross
peak at d=120.5 ppm in 13C and d=6.8 ppm in 1H appears
in the nitrated h-Y74 mutant spectrum.
The effects of nitration on the NMR spectra of oxidized
h-Y46 and h-Y48 single-tyrosine mutants are illustrated in
Figure 2. The 1H-15N HSQC region in Figure 2A shows the
3J correlation between the 15N from the nitro group and the
adjacent aromatic proton. Notably, the side-chain ring of
nitro-Tyr 48 shows a restricted mobility. In fact, we detect a
major population with a d ACHTUNGTRENNUNG(Hd2) value of 7.8 ppm, and a
minor one at d=7.75 ppm. The two conformations exhibit a
slow exchange in the millisecond timescale. The assignment
can be corroborated by the appearance of a correlation of
these chemical shifts with that (d=126.5 ppm) expected for
Cd2 in a ring nitrated at Ce2 in the
1H-13C HSQC spectra. No-
tably, Y48 is mostly buried in the protein, thereby explaining
the reduced mobility of the nitrated residue.
In contrast to Y48, Y46 and its nitrated form are more ex-
posed to solvent and have larger mobilities. Figure 2B
shows how the signal corresponding to the 3J ACHTUNGTRENNUNG(Ne2-Hd2) corre-
lation indicates a multiple conformation exchange of the
molecule. In fact, the three proton frequencies exhibit the
3J ACHTUNGTRENNUNG(Ne2-H) correlation, and all correlate with a single carbon
chemical shift (d=126.5 ppm) that can be assigned to Cd2.
The larger mobility of this residue, as compared with that of
Y48, is clearly illustrated by the data from MD computa-
tions displayed in Figure 4.
Both oxidized h-Y46 and h-Y48 single-tyrosine mutants
show 1H-13C HSQC spectra that are quite different from
those of the previous mutants because Cc becomes a high-
spin species when it is nitrated at positions 46 and 48.[25]
Y67 is the only tyrosine residue lying on top of the haem
group; the aromatic ring of which is buried inside the pro-
tein. However, it is nitrated with high efficiency in the pres-
ence of peroxynitrite.[11,14,16, 26] Notably, as shown in Fig-
ure 3A, we were unable to find the 3JACHTUNGTRENNUNG(Ne2-Hd2) correlation in
the 1H-15N HSQC spectra of the h-Y67N form. We changed
the spectral window to search alternative functional groups
containing nitrogen, including amines that result from re-
duction of the nitro group. In fact, reduction of nitro groups
to amine groups has already been reported for haem pro-
teins.[12] Still, we were unable to finding any correlation
signal. Even though MALDI-TOF analysis (Figure 3B, left
panel) showed a mass difference of (473) Da between h-
Y67 and h-Y67N, which is consistent with a replacement of a
hydrogen atom by a nitro group. Furthermore, h-Y67N
bound a polyclonal antibody against 3-nitrotyrosine (Fig-
ure 3B, right panel), whereas untreated samples were
unable to. Notably, the antibody does not cross-react with
the aminotyrosine, according to the manufacture instruc-
tions. Moreover, the protein showed no fluorescence at
308 nm, as expected from a putative presence of aminotyro-
sine.[36]
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As it was noted before, some
of the analyzed resonances ex-
hibit a slow exchange regime,
whereas others do not. Notably,
the residues showing that be-
haviour, namely Y46 and Y74,
are more exposed to solvent.
Hence, we tested the effect of
nitration on the side-chain mo-
bility in the context of the resi-
due location by MD computa-
tions. Figure 4 shows the distri-
bution of the dihedral angles
for the two rotatable bonds of
the different tyrosine side-
chains in native and singly ni-
trated samples. Notably, the Ca-
Cb bonds (c1 angles) seem to be
equally restrained in all the ty-
rosine residues of the untreated
protein. In fact, fitting the angle
frequencies to a Gaussian dis-
tribution allows to determining
a harmonic force constant,
which is similar (see Table S1 in
the Supporting Information) for
all residues. Still, Tyr46 is some-
what more mobile. Average c1
values lie between 170 and 195
degrees, with the exception of
the residue corresponding to
Tyr48, which shows a gauche
conformation. Upon nitration,
the Ca-Cb bonds of residues 48,
Figure 2. Determination of the nitration position in Tyr48 and Tyr46: As in Figure 1, the 1H-15N-HSQC spectra
of the nitrated species Y48N (A) and Y46N (B) are shown on the left. The correlation observed in the
1H-15N
HSQC spectra is marked by a double arrow in a molecular model. Right: the 1H-13C HSQC spectra of treated
samples (Y48N in A; Y46N in B) are shown.
Figure 3. Effects of nitration on the NMR spectra of Tyr67: A) 1H-15N HSQC spectra of the Y67N species. Contours were set at the noise level to enhance
any broad signal in the spectra. Left, the spectral window was set to scan the region corresponding to nitro groups, as in Figure 1 and 2. The spectra on
the right scan the frequency range typical of amines and nitrate, according to Mason.[37] B) Left panel shows MALDI-TOF spectra of h-Y67 (black) and
h-Y67N (blue). Right panel shows Western blot analysis of h-WT, h-WTN, h-Y67 and h-Y67N, using a 3-nitrotyrosine-specific antibody.
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67 and 97 are more constrained by the surrounding atoms,
whereas the side chains of Tyr46 and Tyr 74 slightly become
more mobile.
As expected, Figure 4 shows that rotation around the Cb-
Cg bonds (c2 angles) is better allowed than around Ca-Cb
bonds (c1 angles). Notably, the residues where c2 gets more
constrained upon nitration are Tyr48 and Tyr97, which do
not seem to experience chemical exchange to the NMR
spectra. In addition, the rotation of the aromatic ring of
Tyr67 is much allowed, even when the residue is nitrated.
This may explain the absence of the signal in the 1H-15N
HSQC spectra, since this residue dwells on top of the haem
porphyrin.
Discussion
The aim of this work was to develop a reliable methodology
for assessing the configuration of nitrated tyrosines within a
protein, as well as their dynamic behaviour. For this pur-
pose, we chose the human metalloprotein Cc, which displays
five tyrosine residues in different molecular environments
(see Figure S1, in the Supporting Information). Two of them
(Tyr46 and Tyr74) are highly exposed to solvent and two of
them (Tyr48 and Tyr97) only partially. The fifth one (Tyr67)
is totally buried in the protein. Two of them (Tyr46 and
Tyr48) are reported to be nitrated in vitro,[25] but never de-
tected in vivo. Still, both are located in a loop, one of them
(Tyr46) is fully exposed to the solvent, and no competition
for peroxynitrite is expected except themselves—one lies
near the other. In summary, all these residues fulfil the re-
quirements reported by Ischiropoulos.[4]
In this work, we have described a non-damaging method
to determine the configuration of nitrotyrosine residues of
native proteins in solution. This requires performing the ni-
tration with 15N-labelled peroxynitrite, which is easily ob-
tained with Na15NO2, and optimizing the INEPT delay
(20.8 ms) for the detection of the 3JACHTUNGTRENNUNG(NH) couplings (equal
to about 10–12 Hz). The 1H-13C HSQC spectra were ob-
tained under natural abundance conditions to obviate an ex-
pensive 13C tag. Using this method, we are able to detect
four out of five nitrated residues and further, to determine
the configuration of each nitrotyrosine residue in the modi-
fied proteins and their different dynamic behaviour in the
protein environment. In addition, our approach allows reli-
able data on the dynamics of the nitrated residue to be ob-
tained. Two circumstances concur for the residue whose ni-
tration is not detected: the aromatic ring lies near the haem
moiety and it shows a dynamic behaviour, according to our
MD computations. This may make its ring protons undergo
drastic perturbations, thereby inducing NMR line-broaden-
ing beyond detection.
Conclusion
A fast, suitable and non-damaging method for the analysis
of nitrotyrosine residues and their dynamics in native pro-
teins has been developed. Major outcomes can be expected
from the broad applicability of this methodology and the
relevance of protein nitration with regards to oxidative
stress response, cell signalling and disease development.
Experimental Section
Sample preparation : Recombinant monotyrosine mutants of human res-
piratory Cc (h-Cc) were expressed in the E. coli DH5a strain and further
purified by ionic exchange chromatography, as previously described.[11,26]
The synthesis of peroxynitrite was as reported previously,[14] by using
Na15NO2 (Cambridge Isotope Laboratories, Inc., USA) as a substrate. Ni-
tration of monotyrosine Cc mutants were also performed as previously
described,[11,14] with minor modifications.[16] Therefore, FeIII-EDTA con-
centration and the number of additions of peroxynitrite were increased
up to 1.5 mm and ten bolus additions, respectively. Also, Cc was nitrated
under acidic conditions (pH 5). Afterwards, the resulting nitrated Cc spe-
cies were intensively washed in 10 mm potassium phosphate at pH 6 and
purified as reported previously.[11,16] The purity to homogeneity of nitrat-
ed Cc preparations, the molecular mass and the specific nitrated tyrosine
of each mutant were confirmed by tryptic digestion and MALDI-TOF
(Bruker-Daltonics, Germany) analyses. Actually, nitrated Cc preparations
were purified to 95% homogeneity. Western Blotting Solution (Amer-
sham) with antibodies anti-nitrotyrosine (Biotem) corroborated the pres-
ence of the -NO2 group in the Cc samples upon nitration. Samples were
concentrated to 0.2–2.0 mm in sodium phosphate buffer (5 mm, pH 6).
NMR spectroscopy : 1H-15N HSQC 2D experiments on 15N-labeled nitrat-
ed samples were performed on a Bruker Digital Avance 900MHz NMR
spectrometer provided with a TXI triple resonance cryoprobe (at the
Centre of Magnetic Resonances, CERM, of the University of Florence).
The INEPT[23] delay (20.8 ms) was optimized for the detection of the
3J ACHTUNGTRENNUNG(NH) couplings (equal to about 10–12 Hz). The spectra were acquired
with spectral windows of d=16 ppm on the 1H and d=150 ppm on the
15N. The later window was centred on d=350 ppm, since the chemical
shift (d) of TyrNO2 is approximately 370 ppm.
[27] 1H-13C HSQC 2D sensi-
tivity-enhanced[28] experiments on natural-abundance-13C samples were
performed on a Bruker Digital Avance 600MHz NMR spectrometer
Figure 4. Conformations of tyrosine residues sampled along MD compu-
tations: Upper: distribution of c1 (left) and c2 (right) in nitrated human
Cc tyrosine residues. Lines represent fits of the data to Gaussian func-
tions. Lower: distribution of the above dihedral angles in untreated sam-
ples. Data corresponding to Y46 are in black, Y48 in red, Y67 in blue,
Y74 in brown and Y97 in green.
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equipped with a TCI triple resonance cryoprobe. Sample concentrations
were 1 mm, for untreated species and ranged from 0.2 to 0.9 mm for the
nitrated forms of the distinct single-tyrosine mutants. All the samples
were reduced with equimolar amounts of sodium ascorbate just before
recording the spectra, excepting nitrated and non-nitrated Cc monotyro-
sine 46 and 48 mutants.
Molecular Dynamics Computations : Molecular Dynamics (MD) simula-
tions were carried out using AMBER 9.0[29] under the AMBER 96 force
field. Force-field parameters for the haem moiety were those reckoned
by Autenrieth.[30] All calculations were run under periodic boundary con-
ditions using an orthorhombic (minimum distance between protein and
cell faces, initially set to 10 ) cell geometry and PME electrostatics with
a Ewald summation-cut-off of 9 . Chloride counterions were added to
neutralize charges. All systems were solvated with TIP3P water mole-
cules.[31] Protein side-chains were then energy-minimized. Afterwards, sol-
vent and counter-ions were subjected to 500 steps of energy minimization
and then submitted to 300 ps NPT-MD using isotropic molecule position
scaling and a pressure relaxation time of 2 ps at 298 K. Temperature was
regulated with Berendsens heat bath algorithm[32] using a coupling time
constant equal to 0.5 ps. Then, for each protein, the whole system was
energy minimized and submitted to NVT-MD at 298 K, using 2 fs inte-
gration time steps. Snapshots were saved every 1 ps. The SHAKE algo-
rithm[33] was used to constrain bonds involving hydrogen atoms. Coordi-
nate files were processed using the PTRAJ module of AMBER.
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